Mrk 421 was observed for about 2 days with BeppoSAX in 1998 April as part of a worldwide multiwavelength campaign. A large, well-defined flare was observed in X-rays. The same flare was observed simultaneously at TeV energies by the Whipple Observatory gamma-ray telescope. These data provide (1) the first evidence that the X-ray and TeV intensities are well correlated on timescales of hours and (2) the first exactly simultaneous X-ray and TeV spectra. The results imply that the X-ray and TeV photons derive from the same region and from the same population of relativistic electrons. The physical parameters deduced from a homogeneous synchrotron self-Compton model for the spectral energy distribution yield electron cooling times close to the observed variability timescales.
INTRODUCTION
It is now widely recognized that the strong and variable nonthermal emission of BL Lac objects originates in a relativistic jet pointed at a small angle to the line of sight. Radiation received from the jet is then amplified by relativistic effects, which accounts for its dominance and rapid variability (Blandford & Rees 1978) .
Mrk 421 is the brightest BL Lac object at X-ray and UV wavelengths and the first extragalactic source discovered at TeV energies (Punch et al. 1992) . Like most blazars (e.g., Sambruna, Maraschi, & Urry 1996; Ulrich, Maraschi, & Urry 1997; Fossati et al. 1998a) , its spectral energy distribution shows two smooth broadband components. The first one extends from radio to X-rays with a peak in the soft to medium X-ray range; the second one includes the GeV to TeV emission with a peak presumed to be around 100 GeV. The emission up to X-rays is thought to be due to synchrotron radiation from high-energy electrons, while the spectral component peaking in the gammaray region is likely to derive from the same electrons via inverse Compton scattering of soft photons, thus accounting for the spectral "similarity" of the two components (Macomb et al. 1995; Ghisellini & Maraschi 1996; Mastichiadis & Kirk 1997; Tavecchio, Maraschi, & Ghisellini 1998) . The fast variability observed in Mrk 421 at TeV energies (Gaidos et al. 1996) directly implies a minimum Doppler factor (Celotti, d ∼ 10 Fabian, & Rees 1998) .
If the above scenario is correct, a change in the density and/ or spectrum of the high-energy electrons is expected to produce simultaneous variations at the frequencies emitted by the same electrons through the two processes. In particular, the two peaks present in the broadband spectral energy distribution should "correspond" to electrons of the same energy. Hence, a correlation between the X-ray and TeV emission is expected in Mrk 421. A measure of this correlation can provide strong constraints on theoretical models.
Previous observations at X-ray and TeV energies indeed yielded significant evidence of correlation on relatively long timescales but did not probe short timescales due to insufficient sampling (Macomb et al 1995; Catanese et al. 1997; Buckley et al. 1996) . A new campaign was therefore organized in 1998 to obtain continuous coverage in X-rays for at least 1 week with ASCA complemented by other space and ground-based telescopes. Results from the overall campaign will be reported in T. Takahashi et al. (1999, in preparation; see also Takahashi, Madejski, & Kubo 1999) . Here we discuss observations obtained between April 21 and 24 with the BeppoSAX satellite and the Whipple gamma-ray telescope, preceding the start of the ASCA observations. Preliminary results were presented in Maraschi et al. (1999a) and Catanese et al. (1999) . The BeppoSAX observations in 1998 and 1997 will be fully presented by G. Fossati et al. (1999, in preparation, hereafter F99 ; see also Fossati et al. 1998b and Maraschi et al. 1999b ). Relevant information about the observations is given in § 2, and the results are presented in § 3 and discussed in § 4. Section 5 summarizes the conclusions.
OBSERVATIONS

BeppoSAX Observations
The scientific payload carried by BeppoSAX is described in Boella et al. (1997a) . The data of interest here derive from three co-aligned instruments, the Low-Energy Concentrator Spectrometer (LECS; 0.1-10 keV; Parmar et al. 1997) , the Medium-Energy Concentrator Spectrometer (MECS; 2-10 keV; Boella et al. 1997b) , and the Phoswich Detector System (PDS; 12-300 keV; Frontera et al. 1997) . For a short account of information relevant here, see Chiappetti et al. (1999) .
Two observations were obtained with BeppoSAX, covering the time intervals from 1998 April 21 (01:59 UT) to April 22 (03:13 UT) and from 1998 April 23 (00:28 UT) to April 24 (06:37 UT). The net exposure times in the MECS and LECS, respectively, were 34,000 and 23,600 s for the first observation and 40,000 and 27,200 s for the second one. The data reduction for the PDS was done using the XAS software (Chiappetti & Dal Fiume 1997) , while for the LECS and MECS, linearized cleaned event files generated at the BeppoSAX Science Data Center were used and reduced with the standard software packages FTOOLS 4.2 and XSPEC 10. No appreciable difference was found extracting the MECS data with the XAS software.
For a detailed description of the analysis procedure, we refer the reader to F99.
Whipple Observations
The very high energy gamma-ray observations were made with the Whipple Observatory 10 m telescope (Cawley et al. 1990) . At the time of these observations, the telescope camera consisted of 331 circular-face photomultiplier tubes (PMTs) with a combined field of view of 4Њ .8. The event trigger condition was that any two of the 331 PMTs register a signal over 40 photoelectrons within a coincidence overlap time of 8 ns. Also, light cones were not in place and this, as well as reduced reflectivity of the mirrors, resulted in a somewhat higher energy threshold than usual for the telescope; hence, for these observations the energy threshold was ∼500 GeV.
Events were parameterized with a standard moment analysis, and candidate gamma rays were selected using a variation of the Supercuts analysis (Reynolds et al. 1993 ) appropriate for the large camera field of view and for maintaining a constant energy threshold as a function of observation elevation (see Catanese et al. 1999 and discussion below).
Observations were taken on the nights of 1998 April 21, 22, 23, and 24. To permit several hours of observations within each night, data were taken over a large range of zenith angles (∼7Њ-60Њ). The collection area and energy threshold increase with zenith angle and the gamma-ray selection is a function of zenith angle, yielding spurious changes in the observed gammaray rates. To obtain the intrinsic light curve, it was necessary to determine special, elevation-dependent, software cuts. Because contemporaneous observations of the Crab Nebula were not available with sufficient statistics over all the zenith angles, the analysis presented here relies entirely on Monte Carlo shower simulations.
Simulated gamma-ray-induced showers at zenith angles of 20Њ, 40Њ, 45Њ, and 55Њ were generated with ISUSIM (Mohanty et al. 1998 ) to determine the size cut required at each zenith angle to obtain a common energy threshold of 2 TeV and to estimate the collection areas at these zenith angles for the 2 TeV energy threshold. After reduction to the common energy threshold of 2 TeV, the measured rates were renormalized using effective area ratios of 1.0 : 1.5 : 2.6 : 4.7 for the four zenith angle ranges, respectively.
RESULTS
Light Curves
A large well-defined flare was seen during the first day of observation with BeppoSAX. The light curves in three energy bands (0.1-2, 4-10, and 12-26 keV) normalized to their respective means are shown in Figure 1 . The energy ranges were chosen so as to represent well-separated "effective" energies with reasonable statistics. Given the source average spectrum and the instrumental response of the LECS, MECS, and PDS, these energies can be estimated as Ӎ1, Ӎ5, and Ӎ15 keV for the three energy bands, respectively. The flare amplitude increases slightly with energy: the flux ratios at two fixed epochs ( and s after observation start) are 1.5, 1.6, 4 4 3 # 10 7 # 10 and 1.9 for the three energy bands, respectively. Fitting the decays of the three light curves with simple exponentials in the same time interval yields e-folding timescales t e of 10.7 (10-11.5
, 7.1 (6.6-7.7 , and 5.3 (3.7-8. Macomb et al. (1995) and Sreekumar et al. (1996) . UV fluxes are the averages, and the bars represent maximum and minimum fluxes recorded by IUE in the period [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] . Optical data are from the 1994-1997 optical campaign excluding the large 1997 outburst. The solid line is the spectrum calculated with the SSC model as described in the text. We also show the contribution to the total spectrum (thin solid line, downshifted by one decade) of electrons with different energies (dotted lines). From the left the curves show the emission from electrons with Lorentz gamma factor in the range 10-, , and . 3 # 10 3 # 10 -10 10 -3 # 10 3 # 10 -10 90% confidence for one parameter. We note that the choice of fitting with a simple exponential is somewhat arbitrary. More detailed timing analysis is in progress (F99). The event rates from the Whipple Cerenkov Telescope above the 2 TeV threshold are also shown in Figure 1 , normalized to the average of the four nights. A clear peak is present with amplitude Ӎ4 times the mean flux level and a halving time of about 1 hr. Here the error is large due to the low statistics. An exponential fit to the TeV light curve gives a decay time t = s [ s, at 1 j], which is shorter than that 3 3 5 # 10 (3-8) # 10 found at X-ray energies.
Assuming that the peak of the 2 TeV light curve falls within the three highest points defines an uncertainty interval of 1.5 hr. The peaks of the 0.1-2 and 4-10 keV light curves fall within this interval, while the 12-26 keV light curve seems to peak later, although the significance of this effect needs to be assessed. We can therefore conclude that the TeV flare and the medium-energy X-ray flare are simultaneous to within ‫5.1ע‬ hr. The presence of possible (small) leads/lags between light curves at different energies (first detected by Takahashi et al. 1996 ) is under study.
Spectra
Integrating the X-ray and TeV events for the duration of the TeV observations during the first night, we can obtain exactly simultaneous X-ray and TeV spectra.
Acceptable fits to the X-ray data require curved models: at least three power laws are required to model the combined LECS and MECS data (Fossati et al. 1998b; Maraschi et al. 1999b; F99) . These spectral properties are common to PKS 2155Ϫ304 and Mrk 501 (Chiappetti et al. 1999; Pian et al. 1999) . For consistency with the theoretical model used below, we adopted a continuously curved spectral law with two "asymptotic" slope values, given by Figure 2 . The spectral energy distribution of the TeV photons has been calculated excluding data at large zenith angles. The standard analysis as described by Mohanty et al. (1998) has been applied. Individual data points are shown in Figure 2 . The resulting spectrum is well represented by a simple power law:
3.17 # 10 (E/1 TeV) sistent with other flare spectra (Krennrich et al. 1999) . Also shown in Figure 2 are two gamma-ray spectra measured by EGRET (Macomb et al. 1995; Sreekumar et al. 1996) . UV data represent historical maximum, minimum, and average fluxes recorded by IUE in the period 1979 -1990 (see Edelson 1992 Pian & Treves 1993) . Optical data are from the 1994-1997 optical campaign reported by Tosti et al. (1998) excluding the large 1997 outburst.
DISCUSSION
The good temporal correlation between the TeV and X-ray flares on short timescales, demonstrated by these data for the first time, supports models in which the high-energy radiation arises from the same population of electrons that produce the X-ray flare via synchrotron radiation. The most likely mechanism is inverse Compton scattering of soft photons. Since the LECS and MECS peaks coincide with the TeV peak within ‫5.1ע‬ hr, the spatial separation of the X-ray-and TeV-emitting regions must be less than cm (
is the angle between the line of sight and the direction of motion). The spectral energy distribution (SED) obtained by combining simultaneous X-ray and TeV data can be used to accurately estimate the physical parameters of the emitting region. In Figure 2 , we show the spectrum from a homogeneous synchrotron self-Compton (SSC) model computed with the full Klein-Nishina cross section (Jones 1968) and assuming for the electron energy distribution a curved shape with a smooth transition between two asymptotic slopes, , and .
The homogeneous model is tightly constrained by the data. In fact, in order to account for the relatively flat TeV spectrum, the peak of the inverse Compton component must occur very close to the TeV band. Since the inverse Compton peak is affected by the Klein-Nishina limit, this forces a rather low value of the magnetic field (see Tavecchio, Maraschi, & Ghisellini 1998) . Comparing the magnetic energy density u = B with the particle energy density
(where g min is the lower limit of the electron energy spectrum), one finds that the magnetic field is largely below equipartition. 
. Therefore, depending on x and g min , it ranges from Ϫ1 x = 230g min L84 X-RAY AND TeV OBSERVATIONS OF RAPID FLARE Vol. 526 10 44 to 10 47 ergs s Ϫ1 , which is similar to other BL Lac objects (e.g., Celotti, Padovani, & Ghisellini 1997) .
In the lower part of Figure 2 we show the separate contributions of electrons in different energy ranges to the synchrotron and inverse Compton radiation, respectively. The four subcomponents refer to electrons with Lorentz factors g ! 3 # , , , and 4 4 5 5 5 5 10 3 # 10 ! g ! 10 10 ! g ! 3 # 10 3 # 10 ! , belonging to the assumed overall spectrum. The in-6 g ! 10 verse Compton emission is computed in each case using all the synchrotron photons. Electrons in the third energy range contribute mostly near the peak of the synchrotron emission. The peak of the inverse Compton emission is due to electrons in the first and second energy ranges, while the contribution from the third is depressed by the Klein Nishina limit. Above 2 TeV, which is the energy threshold for the light curve shown in Figure 1 , the third and fourth components-that is, precisely those that contribute in the X-ray band-are the largest contributors.
It is interesting to compute the decay of the electron population determined from the spectral fit under the simple hypothesis of an impulsive injection followed by radiative cooling. This is somewhat different from estimating the radiative lifetime of electrons of a given energy and involves also the time dependence of the number of particles at a given energy, which depends on the particle spectrum.
We derived flux halving times of s at 1 keV and spectively. Given the simplicity of the model and the fact that its parameters have been independently derived from the spectral fit, we consider this result remarkable, even if the observed time at 1 keV is larger than computed. This indicates that radiative cooling can play an important role in the flare decay but cannot be the only process involved. Moreover, the timescales computed with this simple hypothesis are energy dependent, decreasing roughly as the square root of the energy in the X-ray band and linearly with energy in the TeV band. While we cannot at present split the TeV light curve in different energy bands, the X-ray light curves show an energy dependence that is weaker than predicted.
Finite acceleration and injection times plus light-travel time effects need to be included in more realistic models in addition to radiative losses. It is not obvious, however, how these could affect the X-ray and TeV emission differently unless the hypothesis of a homogeneous source is also abandoned. Work along these lines has been done; more is in progress (Kirk, Rieger, & Mastichiadis 1998; Chiaberge & Ghisellini 1999; Dermer 1998; Kataoka et al. 1999; F99) , but it involves computations beyond the scope of the present Letter.
CONCLUSIONS
A strong flare in Mrk 421 was observed to occur simultaneously, to within ‫1ע‬ hr, at X-ray and TeV wavelengths, and an exactly simultaneous X-ray-to-TeV energy distribution (averaged over the flare) could be obtained. The simultaneity of the flare peaks implies that the particles radiating in the two bands are spatially close, and the observed SED implies that they belong to the same energy range. The parameters of the emission region are tightly constrained, and the resulting cooling times for the electrons radiating in the X-ray and TeV bands are close to the observed timescales. This coincidence suggests that the cooling process plays a role in the flare evolution, although more complex models are needed to fully account for the multiwavelength time behavior.
Multiwavelength observations of this and similar sources, including the UV band in which cooling times are necessarily much longer, will be critical to assess the roles of the different processes and to disentangle possibly multiple emission regions. X-Ray Multimirror Mission, with its broadband capabilities, together with the next generation of atmospheric Cerenkov telescopes, which yields detailed light curves of TeV flares in different energy bands, seem ideally suited to perform such programs.
